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TECHNICAL NOTE 2043

EXPERTMENT AL ANALYSTIS OF A PRESSURE-SENSITIVE
SYSTEM FOR SENSING GAS TEMPERATURE

By Richard S. Cessro, Robert J. Keoenlg
and George J. Pack -

SUMMARY

Various theoretical and practical aspects of a pressure-
sengitive system for the measurement of gas temperatures in gas-
turbine-engine combustion chembers are analyzed. An experimental
setup was operated under controlled conditions of temperature,
welght flow, and well temperature. The gas temperature after com-
tuetion was obtained by application of & relation equating thermo-
dynamic conditions before and after combustion. This method of gas-
temperature sensing appears practical for high-temperature appll-
cations. The acouracy wlth which gas temperature may be determined
by this method is within *2 percent. Measurements made by the
thermodynamic method were used as & temperature standard for com-
parison of temperature data obtalned from conventional thermocouple
probes.

INTRODUCTION

With the advent of gas-turbine engines, the conirols deslgner
has been confronted with the serlous problem of operating engines
not only at high temperstures for maximum efficlency, but also at
temperatures low enough to be within the safe operating range for
tke materials used.

It therefore becomes imperative to incorporated temperature-
limiting controls to prevent englme falilure by overheating.
Tempersture cen be used both es a primary control parameter and as a
temperature-sensing parameter. Any means of sensing gas temperature
for application to controls mst meet the following requirements:
(1) have an ocutput that is a simple function of true gas temperature
under various conditions of weight flow, temperature of surrounding
materials, density, oomposition of gas, and temperature level;

(2) provide an output that is easily incorporated in a control;
(3) bave a rapid response to transiemt conditions; (4) have an
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extended temperature range; (5) have a long life; and (6) be
independent of materisl characteristios sublect to change with
time and use.

The most commonly used methods for measuring temperature
employ thermocouples or resistance-wlre thermometers, both of which
have the advantages of simplliolity and durability. These devices,
however, do not provide sufficiently idesl outputs when consider-
ation is glven to the inherent errors resulting from rediation,
heat conduction, and velocity losses that ocour at elevated gas
temperatures. In addition, chemical action on instrument materials
can result in a change of calibration as well as in a reduction in
life, which is a particulaerly difficult factor o contend with
becauge the mess of the unit must be large in order.to lengthen 1ife;
whereas the requirement of rapid response to & trensient demands that
the mass be small. At temperatures below 1000° F these errors can
be reasongbly neglected in control work. At elevated temperatures,
however, such errors camnot be neglected, particularly radiation
errors, because these errors appear as the difference of the fourth-
power functions of the two temperatures involved.

As a possible means of clrcumventing present difficulties, a
theoretical analysis was conducted et the NACA Lewls laboratory
using the thermodynemic properties of gmmes as basic parameters. An
equation has been developed based on these properties (reference 1).
This eguation, based upon the expression for weight flow, correlates
gas temperatures with measured pressures before and after combus-
tion. Such pressure measurements sre independent of radiation or
heat~-conduction effects, and therefore permit an evaluation of the
true gas bemperature (wlthin the acouracy of pressure-measuring
instrumentation) as long ae the ldeal gas laws apply.

Various theoretical and practlical asspects of the pressure-
sensitive gystem for gas-~-temperature measurement are discussed herein.
The system was applied to an experimental burner setup operating
under controlled conditions of temperature level, weight flow, and
test -gseotion-wall temperature. Seversl methods of measuring weight
flow were analyzed to determine their applicability to the system.
Particular emphasis is given to a discussion of the pltot-statioc
method of determining weight flow by analyzing the velocity profile
across & test seotion at elevated temperatures.

For comparison purposes, the pressure-sensitive method (refer-
ence 1) is considered as a reference system for sensing temperature.
Data obtained with several conventional thermocouple probes were
compered with data from this reference system over a range of
temperature levels, welght flows, and duct-wall temperatures.
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ANATYSIS

Various types of fluid meter, including orifices, nozzles,
venturis, and pitot tubes, or combinations of such units, may be
enmployed to evalugte thermodynemic relations of reference 1 in
terms of gas temperature. Experimental date reported herein were
obtained using an orifice before combustion (station 1) and a
pitot-static tube after combustion (station 2). The genersl
weight-flow equation, which applies for all fluid meters, is

W = oAV : (1)

(Definitions of symbols used in this section are given in
appendix A.)

Orifice Equation

The specific equation for flow through an orifice, developed
from equation (1), is

W, = AKEY, Ao AP 22 - (2)

The messuremente required by equation (2) for the determination of
weight flow et station 1 can be reedlly and asccurately obtained
using an orifice installation, as recommended in reference 2.

Pitot-Tube Eguation

Discussion of pitot-tube method, - A pitot-static tube was
used at station 2 because of the convenience of this method when
dealing with high-temperature gases, lnasmuch as 1t offers negliglble
resistance to gas flow, has a rapid response (reference 3), and is
simple in construotion. The specific equation for weight flow when
applying the pitot-static tube for flow measurement at station 2, as
developed from equation (1), is

Wy = Ep A, 95 N[28,0,4P, (3)

When using this method it is importent to realize thet the
messured value of AP (the total pressure mimms the static pressure)
is that of the specific polnt at which the pressure-sensing probe is
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located. In general, the flow or velocity profile across a section
is not flat, therefore AP 1s not constent across that section. In
order to meke the system applicable to the temperature eguation, it
ie necesesary that a single-point indication be proportionsl to the
total weight flow through the section. It therefore becomes esmential
to determine the relation that exists between & measured value of

AP, whioh 1s qulte readily obtained, and the effective value of AP,
which is a function of the average velocity of the gas. If 1t is
assumed that the effects of changes in boundary layer on weight flow
over the range of temperature operation considered remain essentially
oonstent, the ratio of the effective AP %o a measured AP cen be
evaluated.

In order to successfully apply equation (3) for a given
apparatus, whether it be an alrcraft power plant or & simple straight-
through pipe, the relation between a measured AP and the effeotive

AP mmst be consistent (APeff/APheas = 0, a constant). If this

consistency does not exlgt, the method presented herein for ges-
‘temperature evaluation cannot be applied. It should be noted, however,
that a consistent ratio of APgpe/APp. .. will be considered as such

only in regard to the individual applicatlion and the accuracy of gas-
temperature evaluation deslred. For example, in one instellation
an evaluation of gas temperature to within=£10 percent may be suf-
fieut; the ratio AP, pp/AP ... therefore may very *10 percent and

be considered consistent. In another installation, where a gas-
temperature ~evaluation acouracy of £2 percent is desired, a £3 percent

variation in APeff/APmeas could not be considered consistent. For

the date presented, the evaluation of APgpe/APp .y Was made over
an extended temperature range for fully developed turbulent flow in
e pipe; furthermore, AP was measured at the center of the gas stream
80 that APp.os = APpey.

Evaluation of APeff/APmax’ - If a fully developed laminar-
flow velocity profile ie reelized in the section, it ia possible to
determine the ratio ,APeff/APmax from theoretical considerations.,
Because experimental data were obtalned for turbulent-flow condlitions
only, experimental methcds had to be employed In order to evaluate
the ratio.

The velocity profile in a duct cannot be defined by a simple
mathematioel relation when turbulent-~flow conditions are obtained,
The profile 1ls more nearly uniform under these conditions than for
laminar flow. Figure 1 shows & typleael curve of the velooity ratio

*

1222
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V/Vhax as a function of Reynolds number. These data were recorded

by Stanton and Pannell in 1914 and were obtalned from reference 4.
The curve shows that in the laminar region A the veloclty ratio

is of the order 0.5. A very rapld change from 0.5 to 0,72 ig noted
in the transition region B. In the fully developed turbulent
reglon €, the velocity ratio is nearly constant at a value of
approximately 0.78. It should be noted, however, that these
numerical values probably would not apply to flow conditlons that
exist in turbojet engines. The important point 1ls that a consistant
velocity ratio mmst exlst before a single pitot tube can be used to
determine AP, pp for any application.

A direct method of evaluating APgep/AP ., 18 to obtain

actual AP profile data by making a traverse of the sectlon using
a pltot tube. DParticular attention must be glven to recording
accurately data obbtained near the plipe walls, because a steep
gradient exists in thet region. :

Inasmuch as
W= p AV (1)

where V, the average gas veloclty, is a function of AJAPeff

when p is a function of p/RT (appendix B), and A 1is a function
of radlus squered, a value of AP pp can be obtalned from consider-

ations of AP (measured). In order to obtain this value, it is
necessary to plot the square root of the measured pressures against
the square of the redius. Flgure 2 shows that A{APeff is propor-

tional to A', the ares under the curve, and IVAPmax is propor-
tional to ares A' plus A", the hatched area. Therefore

‘JAPeff Al

T A+ AT
APII].&.ZK
or
2
SPerr _ a' - c
Moy \E + & (4)

The ratlo of AP pe/APp ., can be determined quite readily
from an analysis of measured pressures.



6 NACA TN 2043

The average AP, oalculated from a traverse of the sectlion
with a pressure probe, does not have the game significance as the
effective AP based on the considerations of an average veloclty
acrogs that section,

1222

Another method of evaluating the ratio APy pp/APp., ocan be

used if the gas temperature after combustion (station 2} 1s known
for at least part of the temperature range. For this case, the
welght flow at stations 1 and 2 can be equated and solved for
AP.pp; the ratlo can then be found by using a measured value of

APpay+ In order to eguate the weight flow at stations 1 and 2, 1%
18 necessary to account for the addition of=fuel:

Wz=W1+f='<1+ﬁ%->W1 - (s)

The weight flow at station 2 (eguation (3)) is equal to the

weight flow et station 1 (equation (2)) times <1 ¥ ﬁf—> . When &
1
thermocouple 1s used to determine gas temperature at station 2,
a8 it was for this experimental analysis, errora can be expected at
temperatures exceeding 1000° F, at which temperature radiation errors -
of thermocouples become prominent. The weight=flow evaluation
method was used a&s & check on the pressure-survey method only in the
range in which errors of thermocouples could be neglected. ‘A '
theoretical discussion of thermocouples and thelr inherent errors is
glven in appendix C.

Tempersture Equation

General equation. - The orifice and pitot-stetic-tube equations
for weight flow may be equated: ’

\ZgrghPy = £
Eoh ' \28PRAP, = MKy 1Y \foy8P:28 (1 * ﬁ) (6)

When the density p 1s replaced by 1ts equivalent é% (appendix B),

equation (8) can be solved for Ty



NACA TN 2043 . 7

r 2 AP
Tg = ggjcfpz KA.i lf =z (APZ %1 (7)
1

Equation (7) represents the complete temperature equation with
which experimental data discussed hereln will be concerned.

Simplified temperature equation. ~ In reference 1 it is shown
that, based on analytical congiderations, the term

Ea 9'2 A2 1\

By Y K&y, %_
1

‘of equation (7) 1s very nearly constant. Considering the term as a
constant, the temperature equation becomes :

AT/
T, = NTy <ﬁ><7s'r*%> (8)

For the results presented herein, each factor of the coefficient N
has been taken into consideretion and the analytical conclusions
substantiated. .

APPARATUS AND PROCEDURE

A schematic repregentation of the apparatus used to cbtain
the dats presented 1s given in figure 3. Alr was drawn from the
atmosphere and compressed to & pressure of approximately 3.5 pounds
per square inch gage by two commerical blowers comnected in series,
then ducted through the combustion chambers and test sections. The
maximum air flow availeble was approximately 6.5 poundes per second
gt & pressure of 2.5 pounds per square inch gage in the test
sectbions. An orifice designed and instelled according to A.S.M.E.
specifications (reference 2) was located at station 1, downstream
of the blowers, for the determinstlion of air flows. Loocated down-
sbtream of station 1 were four combustion chambers capable of heat-
ing the maximum air flow to a temperature of 2500° F. A flame
shield and gas mixer, instelled to shield the thermocouples in
test sections from radiation from the flame front and s8lso to
effect uniform gas mixing, was located Immediately downstresm of
the combustion chambers. The gas leaving the flame shield and gas
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mixer was ducted through a 10-inch-diameter Inconel pipe for
approximately 15 feet, whereupon it entered test sectioms 1, 2,
end 3, also 10 inches in diameter and arranged in geries, and
was finally discharged to the atmosphere.

The instrumentation at test. mection 1.(fig. 4), designated
gtation 2, consisted of: a six-tube statlc-pressure survey rake; a
gix-thermocouple survey rake inoorporasting single-shielded thermo-
couples; three thermocouples embedded In the wall of the test
section; and a total-preseure rake. A totel-head tube of 0.030-
inch outside dlameter, which could be positioned along the pipe
diemeter during a run for the purpose of obtaining & complete
total-pressure-profile survey was also used.

Test section 2, 1llustrated in figure 5, contained elght
thermocouples having beed dismeters of 3/8, 1/4, 3/16, 5/32, 1/8,
3/32, 1/16, and 1/32 inch, which were arranged in a ring concentric
with the pipe. Three additional thermocouples were embedded in the
wall of the test section.

Test section 3 (fig. 6) contained the following instrumentation:
a thermocouple having ean electrically hested shield; a commerical-
type mmltiple-shield thermocouple; & gold-encased single-shield
Bureau of Standards thermocouple (reference 5); three thermocouples
embedded in the wall of the test section; and & pitot-static pressure
tube in the gas stream. A cutaway drawing of the heated-shield
thermocouple is presented in figure 7. During steady-state operation,
the electric-heater coil supplied heat to the shield surrounding the
thermocouple located in the gas stream until the indicated wall
temperature of the shield equalled indicated gas temperature. When
this equality existed, the gas temperature was recorded under the
assumption that conduction and radiation losses were then minimized.

Operating conditions were established by maintaining the weight
Plow et a constant level and varying the fuel flow to the combustion
chambers, whereby the time required for changes from one steady-
state temperature level to another was held to & minimum. In order
to present the effects of weight-flow variations on the operation of
the various temperature-sensing probes, three weight flows were inves-
tigated over & temperature renge from approximately 900° to 2200° F,
The flows selected for these tests were approximately 4.5, 5, and
8.5 pounds per second. A plot of welght-flow variations at statlon 2
is presented in figure 8. For the temperature range considered, the
gas velocities in the test sections varied between 300 and 800 feet
per second with the various weight flows. The Mach number, however,
varied only slightly for each setting, as can be seen from figure 9.
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The effects of conduction and raediation losses on the thermo-
couple indications of ges temperature at constant reference-gas-
temperature settings were Investlgated by controlling the tesi-
sectlion-wall temperature with cooling-water sprays acting on the
outslide wells of the test sections. For runs in which water cooling
was not used, there was no variation in indicated wall temperature
at any given reference gas temperature during variations of weight
flow. This effect is illustrated in figure 10.

RESULTS AND DISCUSSION
Evaluation of Constent C

Profile survey. - The results of pressure-profile surveys
taken at station 2 for reference gas temperatures of 550°, 1500°,
and 2300° R are presented in figure 11. A plot of C for all
operating gas temperabtures 1s glven in figure 12. Any differences
in boundary layer caused by differences in gas temperature (ref-
erence 6) are small enough to ceuse a varistion in C of less than
0.5 percent. On the basis of these results, & value for C of 0.87
was selected and used in the evaluation of the temperature equatlon
(equation (7)) as applied to date presented herein.

Weight-flow equations. - The evaluation of C obtained by
equating the weight flow at stations 1 and 2, using thermocouple
date teken at these stations, is presented 1n filgure 13. As
mentioned in the section ANALYSIS and dlscussed in appendix C, inherent
errors of the thermocouple should be considered at temperatures of
approximately 1000° F (1460° R) end above, which is shown by the date
presented in figure 13, A comparlison between the welght-flow and the
presgure -survey evaluetions of C 1is shown in figure 14.

In view of the resulte obtained by the two methods of evalua-
tion of C, and the simplicity of weight-flow method over the pro-
file survey, the weight-flow method shonld be satlisfactory for use
in determining C in practical application of pressure-sensitive
temperature-sensing systems, providing this determination is msade
at temperatures below 1000° F.

Pressure-Sensitive System as Temperature Standard

On the basis of the fundamental relations unsed in deriving the
temperature equation (equation (7)) and the experimental evaluation
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of the constant C, the pressure-sensitive system is hereinafter
congidered & temperature standard. This standard, based upon the
application of equation (7), introduces only errors of instrument
reading; the temperature-sensing accuracy is therefore considered
to be within 2 percent. N

Welghing is the fundamental method of fiuld measurement and is
the technique used by the A.S.M.E. to estebligh a flow-measurement
stendard for fiuid meters, such as an orifice plate, pitot-static
tube, nozzle, venturi, and so forth (reference 2)., The A.S.M.E.
hag esteblished flow-messurement accuracy of approximately *1 per-
cent for these vearious flow-messurement units. Installation and
instrumentation requlrements, as esteblished by the A.S.M.E. in
order to obtain this accurecy, were used in obtalning the data for
the evalnation of the flow equations presented. Inasmich as the
maximim error in welght-flow measurement is approximately =1 percent,
in effect, the maximum deviation of any one perameter in equation (3)
ds limited to 1 percent, and as weight-flow is evaluated at two
separate stations, the maximum error deviation between the two
gtatlons is %2 percent. Because denslity, and therefore temperature,
is one of the parameters in equation (3), the greatest deviation of
temperature 1s £2 percent from e true absolute level, The state of
development of pressure-measuring techniques is such as to insure a
rapld response rate for the pressure-sensitive syatem (reference 3).
The error involved in the use of the gimplified form of the tempera-
ture equation (equation (8)) is shown to be quite smell ih figure 15,
where values of the dimensionless coefficient N, plotted against gas
temperature for all operating conditions, fall within & band of £1,5
percent. Equation (8) was not used in connection with the tempersture
standard.

COMPARISON OF THERMOCOUPLES WITH
TEMPERATURE STANDARD

No attempt is made to evaluate the various thermocouples in
this discussion., A general explanation of the performence of the
various thermocouples is given In the theoretical discussion of
thermocouple operation in appendix C.

Radilal Temperature Profile
A typical plot of gas-temperature profile, as measured by the

single-shlelded ~thermocouple survey rake in test section 1, is com-
pared to the temperature stenderd in figure 16 for reference gas
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temperatures of approximastely 1450° and 2000° R, Beceuse the gas
temperature is uniform ecrossg the section, a comparison cen be made
between any thermocouple-tempersture indicetlon and the reference
gaes temperature given by the temperature standard or reference
systen.

Performence of Thermocouples

A performance plot is presented in figure 17, showing tempere-
ture deviations from the reference temperature of (1) a commercial
miltiple shield, (2) a single-ghield survey rake acrose the pipe
diemeter (average of all temperatures), (3) a Bureau of Standards
gold shield, (4) a NACA heated shield, and (5) a 3/8-inch-diameter
Junction thermocounple for weight flows of 4.6, 5.3, and 6.6 pounds
per second. Data for the Burean of Standards thermocouple were not
obtainable for the mass flow of 6.6 pounds per second because the
thermocouple burned out during the performance run.

A plot showing the percentage deviation from the calculeted
reference temperature for four of the five types of thermocouple is
glven in figure 18 for weight flows of 4.6, and 6.6 pounds per
second. From the slope of the curves, it is apparent that increas-
ing reference gas temperature conglderably increases the percentage
of error.

Infiuence of Thermocouple-Bead Diameter

Indications of gas temperature obtalned from thermooouples of
geveral bead dismeters are compared with the reference temperature at
2525° R in figure 19. The data were extrapolated in order to obtain
an Intersgection with the reference temperature at a thermooouple-
bead diameter of zero. Without a reference temperature to indicate
the true end condition of gas temperature at a thermocouple~bead
dismeter of zero, extrapolation of the data curves could be grestly
in error. Also, the differences in temperature indlcetion of the
same thermocouple operating at s constent reference gas temperature
but at various welght flows are quite apparent from the data. An
equation representing the date curve would be impracticel when added
congideration 1s given to such factors as varylng wall temperatures,
Mach number, and reference levels.

Effect of Wall Temperature on Thermocouple Indications

The effect on thermocouple indication of changes in conduction
and radiation logses at varlous reference gas temperatures were
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investigated by controlling test-section-wall temperatures with
cooling-water sprays acting on the outslide of the walls. A plot
showing the deviation of several thermocouples from the tempera-
ture reference for a wall temperature of 710° R is given in
figure 20. (The effects on thermocouple indications of changes
in conduction and radiation losses may be seen when comparing
figs. 20 and 17(c).) The percentage deviation is given in fig-
ures 21(a) and 21(b) for welght flows of 4.6 and 6.6 pounds per
second, respectively. The slope of the curves of figure 19 shows
that large errors can be encountered at the higher reference gas
temperatures. A tebulation of results gilving the performance of
the temperature-sensing probes lnvestigated at reference gas
temperatures of 2000° end 2400° R and verious weight-flow con-
ditions, is given in table I. i

CONCLUSIONS

Various theoretical and practical ampects of the pressure-
sensitive systems for the measurement of gas temperatures have been
discussed. The gas temperature after combustion was obtained by
application of a relation equating thermodynamic gas conditlons
before and after combustion. The following conclusions may be
drayn from this application:

1. Determination of gas temperatures after combustion from
measurements of gas temperatures before combustion and gas pressures
before and after combustion appears practicel for high-temperature
applications. The temperature-sensing accuracy of this method 1s
within +2 percent. - :

2. Temperature changes of the combustion gases are accompanied
by pressure changes that esre in effect instantaneous, are unaffected
by errors asssociasted with conventional thermocouples, and can be
utlilized in a control systenm.

3. By using the thermodynamic method as & temperature standard
for comparigon of thermocouples, it is debermined that conventional
thermocouples can be appreciebly in error in their temperature indi-
cations at gas temperstures above approximastely 1500° R.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, July 29, 1949.

lza2
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APPENDIX A
SYMBOLS

The following symbols are used in the section ANALYSIS and
in appendix B:

A area, 8q ft
c consteant, APeff/APm&x
E aree multiplier for thermal expanslon
£ fuel flow, 1b/sec
g  acceleration due to gravity, f£t/sec?
K flow coefficlent of orifice pleate
N constent, gg_§“2 Kfi 1 F g

1 1 M1l g 4 =

1

P total pressure, lb/sq £t abaolute

stetic pressure, 1lb/sq £t absolute

R gas consbant

r ratio of static to total pressure, p/P

T total temperature, °R

t static temperature, °R

v average velocity, f£t/sec ‘

W weight flow, l'b/sec

Y ratio of flow coefficient of gas to that for liquid at same
Reynolds number (reference 2)

4 ratio of specific heats af constant pressure and constant

volume

AP total pressure minus stetic pressure, P - p, 1b/sq %
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bP,ps Dressure of average veloclty, 1b/sq ft

AP ., Dressure of maximum veloolity, 1b/sq £t

AP cas measured value of totel mimms static pressure, 1b/sq £t

o density, p/RT, 1b/ou ft

Q. conversion factor of hydraunlic equation to compressible-~
flow equation

o’ particular value of @ when p = p/RT (See equation B.)

Subscripla:

max nmaximum
1 station 1 (before combustion)

2 station 2 (efter ocombustion)

1222
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APPENDIX B
COMPRESSTBLE-FLOW EQUATIONS
The hydraulic equabtion for Incompressible flow may be

mltiplied by an appropriate conversion factor ® %o obtain the
exact equatlon for compressible flow. The expresslon for the
conversion factor © .may be derived from the oompressible-flow
equation by factoring out the hydraulic equation so that the
remaining faotor 1s the expression for the conversion factor .

Bernoulli's theorem for compressible flow may be written

1
v{_zsr_ _r;-dp_)}z (B1)
-1 Py Po

W= ApOV (B2)

The weight flow is

Substitution of eguation (Bl) in eguation (B2) and replacement of
stagna‘bjj:on density Py with the equivalent adlabatic relation

p0 (2) 7 gives
P

L
2

P
Wea 23(7,{1)90 T - D
P\7
P
The free-strean density Py mBY be replaced by its equivalent

'P%:' and the equation simplified:
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1 o ] 1
(l.; (1)l 2
W= 2 Y \2I|E P
‘Hg(r—l)m-, 1
7
. - =
_ . i L
5
7y \p° P<l-%>-p<l%$
W:A 287-1R‘b <l-}-
A7
- =)
' 1
, <z_1_) 2
W=AS2e[ 2 P 7 ] .
g<7-1>Rt % 1 (83)

Thle expression for compressible flow may be wrltien as

W= Acp‘\}zgp (P - p} (B4)
71

2 Lo\ 7
- 1 y V2 i(E -1
A W ey (7-1>Rt <p> | ' ()

This expression for ¢ involves the density p, which also appears
in equation (B4) and may be arbitrarily selected as a ratio involv-
ing total pressure P or static pressure p divided by total
temperature T or static temperature t. For the case in which
the density e 1s selected &s p/R‘I‘, the converglon factor @ is
designated ®' =and equation (B5) is simplified as follows:

where

of

71
ol
R ) Y (56)
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The adlsbatic relation of the temperatures is

1=

4 .
T b
== 7
I-(3) (=7)
This relstion may be substituted into equation (BS) to obtain
1-7 7-1
B\ T <P> a
E —
P P -1
- P
< 3 ) (r - 1)

If the pressure ratio p/P is set equal to r +this eguation

becomes
r 7 r 7 -1 4
@
> ;( 17 )
r7 r 7 -1/7

2 _
@) =TT ey

(@*)2 =

(B8)

Evaluation of the conversion factor ®' for varicus pressure
ratios r show the error that may be expected from neglecting
@ in the hydraunlic eguation (B4) where the demsity p 1s p/RT.
The greatest deviation of the conversion factor ®' from 1 occurs
at the critiocal pressure ratlo, at which ¢' is approximately
0.945 for the ratio of specific heats 7 equal to 1.3 for air at
a temperature of 3000° R.
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APPENDIX C

CHARACTERISTICS OF THERMOCOUPLES

A brief summary of the significance of thermocouple indlcations
is required in order to explaln and to compare ‘temperature data
obtained from thermocouples with date obtalned from the reference
gystem.

When dealling with thermocouples 1t must be noted that the
indicated temperature is that of the Junction itself and not nec-
esgerily that of the medium In whilch the Junction is immersed. A
thermocouple probe inserted in a hot gas stream indicates the
temperature attained by the thermal element when a condition of
thermsl equilibrium wlth its environment is reached. The indlcated
temperature 1s therefore a function of several modes of heat
tranafer, including convection, conduction, and radlation.

Veloclty effect. - Actual total temperature is alsc a functlon
of gas-stream velocity. Thie relation cen be expressed as

T=T0+Ta

where
TO free-gtream temperature

2
T % ture due to velocit v

8 emperature due to velocity, ZSJCP

J mechanlcal equivalent of heat
Cp specific heat at constant pressure

Standard probes are designed to partly stegnate the gas stream
around the junction and thereby recover a part of the temperature due
to veloclty. Because probes do not recover all this temperature,
they must be calibrated for this effect so that the corrected
expression is

Y

T =Ty | L
&Cp

where r 1s the recovery factor.

o
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Inasmch as the probe temperature is a function of "heat in"
minus “heat out,” these teyrms must be evaluasted and enslyzed to
determine thelr effect on the final indicated temperature.

Heat in 1s basically s function of heat transfer by convection
from the gas to the solid material of the thermocouple, which can
be expressed as

4 = Sh(T - Tp)
where
q "heat in"
S surface area In contact with gas
h heat-transfer coefficlent
Tp temperaturg indicated by probe .

The coefficlent of heat transfer is an Involved function of
probe area and weight flow across the thermocouple as well as the
viscogity and the composition of the gas. In order for the probe
equillibrium temperature to approach total temperature, the difference
(T - Tp) must be small. It therefore becomes evident that in order

to insure sufficlent heat transfer by conveotion, the weight flow
over the Junction mmst be high.

Heat out (heat lost) is dme to: (1) conduction of heat away
from the junction through the leads of the thermocouple and,
(2) redietion of heat to cooler surfaces. (It should be noted
that 1f the walls of the duct conbalning the gas are at a higher
temperature than the gas, then all heat flow 1s reversed.)

Conduction errors in indications are given by

T - T T -T
tot —_L_z 21 LhD
cosh i h 5 \T
where
TL temperature at distance I from junction

L some distance from Junction along wireé
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c circumference of wires

k crogs-sectional thermal conductivity of thermocouple wires
A crogss-gectional ares of wires

D dlemeter of wires

From thies relatlion it follows that in order to keep the
conduction error smell the I/D retio and h must be large,
whereas k mmast be small. .

Heat loss due to readiation may be one of the most serious
errors encounbered in using thermocouples for sensing elevated gas
temperatures. This fact is readily apprecisted when an expression
governing radiabtion error ls snalyzed.

The heat loss due to radiation may be €xpressed as

4 4
Hr-:ess(frp,-'rw)

where

e emlssivity of radilsting body

5 Stefan-Boltzman constant

Tw wall tempereture of radiating body

It should be noted that for a given installation of & thermo-
couple probe, the only variables concerned with the radiation error
are the temperature of the Junction and the tempersture of the wall
or raedlating body. Slight changes in temperature appear as the
fourth power, msking the difference and the resulting radiation
error quite appreciable.
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‘Figure 1. - Effect of Reynolds number on ratio of average to maximum
velocity V/Vma for lisothermal flow in smooth pipes. (Data obtained
from reference &.)
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Figure 2. - Efféct of Reynolds number on flow profile for turbulent flow.
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Flgure 3. - Sohematlo representaticn of research apparatus.
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Figure 4, -~ Test sectlon 1; pltot-static and thermocouple survey rake and instrumentation,
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Tigure 5. - Test section 2 verying thermocouple-bead dlameter.
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Flgure 6, - Pest section 3; (1) heated-shield thermocouple, (2) multiple-shield thexmo-
couple, (3) Bureeu of Standards gold-shield thermocouple, (4) pitot-static tube.
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Figure 9. - Variation of Mach number with reference gas temperature under

varying welght-flow conditions.
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Plgure 17. - Varlation of gas-tempserature indications from conven-~

tional thermocouples wlth gas-temperature Iindicationas from refsrence
syastem.
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Indicated temperature, °R
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Figure 17. - Continued. Variatlon of gas-temperature indications from con- *

ventlonal thermocouples with gas-temperature indications from reference
syatem.
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Flgure 17. - Concluded. Variation of gas-temperature Indlcatlons from con-
ventlonal thermocouples with gas-temperature Indications from reference
systenm, :
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Indicated gas temperature, °R
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Welght flow Density Wall Mach Alr
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Figure 19. - Variation of gas-temperature indications for varying
thermocouple~bead diameters at conatant reference temperature.
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Figure 20. - Temperature deviation of conventional thermocouples from refersnce
sysgom with wall cooling. Welght flow, 6.6 pounds per second; wall temperature,
710° R.
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Figure 21. - Percentage deviastions of conventional-thermocouple temperature
indications from reference system with water cooling on walls. Wall tempera-
ture, 710° R. :
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